Abstract-Accurate representations and measurements of skull electrical conductivity are essential in developing appropriate forward models for applications such as inverse EEG or Electrical Impedance Tomography of the head. Because of its layered structure, it is often assumed that skull is anisotropic, with an anisotropy ratio around 10. However, no detailed investigation of skull anisotropy has been performed. In this paper we investigate four-electrode measurements of conductivities and their relation to tissue anisotropy ratio (ratio of tangential to radial conductivity) in layered or anisotropic biological samples similar to bone. It is shown here that typical values for the thicknesses and radial conductivities of individual skull layers produce tissue with much smaller anisotropy ratios than 10. Moreover, we show that there are very significant differences between the field patterns formed in a three-layered isotropic structure plausible for bone, and those formed assuming that bone is homogeneous and anisotropic. We performed a measurement of conductivity using an electrode configuration sensitive to the distinction between three-layered and homogeneous anisotropic composition and found results consistent with the sample being three-layered. We recommend that the skull be more appropriately represented as three isotropic layers than as homogeneous and anisotropic.
INTRODUCTION
The refinement of techniques such as EEG-or MEG-based dipole localization and cranial Electrical Impedance Tomography (EIT) depends essentially on accurate modeling of head shape and conductivity. Inaccurately modeled tissue can result in nonconvergence or instabilities in reconstruction or incorrect estimations of conductivities or dipole locations. 26, 27 Accurate skull modeling is particularly important because skull has a much lower conductivity than other tissues and because the skull barrier affects all external electrical measurements.
The calvarium is that part of the skull forming the dome-shaped vault that protects the brain. It is formed of the frontal, parietal, occipital, and temporal bones. These bones are those over which EEG or EIT electrodes may be situated. In general, these flat bones have a characteristic three-layered structure, shown in Fig. 1 , with the two outer surfaces being composed of cortical bone and the inner layer being cancellous bone. It should be noted that this structure is not necessarily constant throughout calvarial bones, and the thicknesses and conductivities of the respective layers vary and are interrupted by structures such as Haversian canals and sutures. 17 Anisotropy in the skull may be related to anisotropy in individual layers of the skull, but is most likely the result of layering of cortical and cancellous bone.
In characterizing skull conductivities two characteristic directions, radial, and tangential, will be defined. These directions are shown in Fig. 1 . Radial conductivity is that obtained by applying a homogeneous electric field through the thickness of the bone sample (this is the value often reported as the skull conductivity), and tangential conductivity is that obtained by applying a uniform field along the long axis of the sample. The anisotropy ratio, k, is the tangential conductivity divided by radial conductivity.
The most often quoted measurements of skull conductivity were made by Rush and Driscoll, 29 using soaked dried skull material. They estimated that the ratio of saline conductivity to skull conductivity in the transverse (radial) direction varied from 1:50 to 1:300, and that this ratio, when measured with current flow parallel (tangential) to the surface, varied from 1:5 to 1:40, but they did not give further details of how these measurements were performed. Most works investigating the effect of skull anisotropy cite Rush and DriscollÕs work and assume that skull is homogeneous and anisotropic with an anisotropy ratio of up to 10.
The low skull conductivities found by Rush and Driscoll led to the dismissal of EEG-dipole localization techniques because of unacceptable inaccuracies, and justified instead the adoption of Magnetoencephalography (MEG) based localization, since MEG is less sensitive to skull conductivity and/or anisotropy. 31 However, since the late 1990s workers have observed values for skull conductivity in fresh or living tissue that were much higher than previously assumed, which may lead in some circumstances to improved localization errors using EEG-based methods. 19, 30 Rush and Driscoll 29 noted that the effective conductivity of dried skull samples was dependent upon the conductivity of fluid used to soak it. Their Ôeffective isotropicÕ value for a ÔscalpÕ:skull:ÔbrainÕ conductivity ratio of around 1:1/80:1, (a conductivity of around 5 mS/m, when considered 6 relative to brain and scalp conductivities of 0.46 S/m), was accepted for many years. Subsequent studies have modified this finding. Law 17 reported that the (radial) conductivity of skull varied from place to place on the calvarium, being particularly dependent on presence of suture lines. Oostendorp et al. 22 found that fresh human skull conductivity was around 15 mS/m in the radial direction-substantially larger than reported by Rush and Driscoll They estimated that this corresponded to a scalp:skull:brain conductivity ratio closer to 1:1/15:1.
More recent papers have inferred skull conductivity from in vivo measurements via EIT, 9, 10, 11 and obtained similar values to those found by Oostendorp. Hoekema et al.
14 measured conductivities of a sample of live skull that had been temporarily removed during surgery, and found values between 32 and 80 mS/m, much higher than other measurements to that time. Most importantly, measurements of the thicknesses and radial conductivities of the three individual layers of the skull were performed by Akhtari et al., 2, 3 who found that the conductivities of these layers of skull at 20 Hz were different, and that the overall conductivities in live skull were larger than in preserved tissue. They found average conductivities of 1.18 (outer layer) and 3.32 mS/m (inner layer) in compact bone and 7.73 mS/ m in the spongiform layer of preserved, soaked tissue. 2 In live tissue, they found these conductivities to be a factor of between 1.5 and 5.2 times larger, measuring average conductivities of 6.17 and 4.87 mS/m in compact bone, and 21.4 mS/m in spongiform bone.
3
There are many possible sources of head modeling errors that can lead to errors in dipole localization. These include errors in head shape, the presence of individual variations (for example, open sutures or the presence of holes in the skull) and failing to account for anisotropy, principally in white matter and the skull. Example studies include those evaluating effects of incorrect assumptions of head tissue shape and conductivity (for example, Peters and de Munck, 23 Cuffin, 7 Pohlmeier et al., 24 Roth et al., 27 Ollikainen et al., 21 Holdefer et al. 15 ) or the presence of anomalies such as skull holes (Haueisen et al., 13 van den Broek et al. 5 ). One recent area of interest has been errors introduced by inaccurate estimations of skull conductivity and/or anisotropy (Marin et al., 20 Ryyna¨nen et al., 30 Hallez et al., 12 Anwander et al., 4 Wolters et al. 33 ). Hallez et al. found that source location differences of as much as 13 mm could result between a model that included skull anisotropy of 10 and an isotropic skull model. Most recently Ramon et al. 25, 26 found significant improvement in both EEG and MEG localization results using models that include all three skull layers.
To our knowledge, although white matter anisotropy is well established, the existence and extent of skull anisotropy has not been rigorously investigated. In this paper we derive expressions for the effective anisotropy of layered structures, as well as analytical expressions for dependence of four-electrode conductivities measured on a homogeneous and anisotropic skull surface on radial and tangential conductivities. Novel measurement geometries that can be used to determine the extent of anisotropy in thin samples are introduced. Using these, we illustrate the extent of differences between the behavior of three-layered isotropic samples and those that are homogeneous and anisotropic. We describe a measurement of skull conductivity that was consistent with it being a three-layered structure. On the basis of our results, we recommend appropriate alternative approaches to electromagnetically modeling the skull.
METHODS

Mathematical Analysis Layered Structures and Anisotropy in Uniform Fields
An electrically anisotropic structure can easily be constructed using layered isotropic elements. For the case of bone, the anisotropy ratio, k, is defined here to be the ratio of tangential to radial conductivities observed using uniform electric fields.
This factor can be computed for the case of the layered brick structure consisting of materials with two different conductivities shown in Fig. 2a , from the ratio of resistances measured in each direction in a uniform electric field. This derivation is detailed in Appendix A. In uniform fields, the value of k observed does not depend on the number of layers of the two different materials or their arrangement, only on the total thickness of each material.
The maximum value of k occurs when the total thickness of the two outer layers is the same as the inner layer thickness, i.e., at a t = 1, and can be shown to depend upon a combination of the two conductivities within the structure. For the case of the brick structure
The derivation of Eq. (2) is also shown in Appendix A.
The dependence of anisotropy ratio on conductivity ratio and relative layer thickness a t = t 2 /t 1 is shown in Fig. 2b .
The largest anisotropy ratio will be observed when the total thicknesses of each layer type are equal. For the brick case, choosing the inner layer to have ten times the conductivity of the two outer layers, k max will be close to three, significantly less than the conductivity ratio.
Analytic and Finite Element Solutions to the Case of an Anisotropic Tissue Slab
Rush 28 first derived analytic expressions describing the resistivity of infinite and semi-infinite anisotropic conductive media, and also equations to calculate resistivities observed in an anisotropic conductive slab, that is, one that has infinite extent in the x and y directions, and a finite extent h in the z direction. These equations were derived for tissue that has one high (inplane) conductivity direction (such as in skeletal muscle), but can be extended to the case where there are two equally high conductivity directions, such as would be expected for a case involving several layers of isotropic tissue. General analytic expressions for voltages developed on a single anisotropic slab with arbitrary positioning of a point source and observation position are detailed in Appendix B, and were derived from the expressions developed by Livshitz et al. 8, 18 for the case of layered isotropic conducting structures. They cannot be easily derived from the expression given by Rush, 28 which describes the case where sources and observations are all located on the plane z = 0.
ÔOrthogonalÕ and ÔDiagonalÕ Conductivity Observations
In anisotropic tissue, observation of conductivity is always dependent upon measurement configuration. In FIGURE 2. (a) Object composed of three layers of two different conductivities, r 1 and r 2 (with respective total thicknesses t 1 and t 2 , such that t 1 = t 2 or a t = 1), having overall tangential length l, radial thickness T and width w (b) Plot of j against a t for conductivity ratios of 2, 3 and 10 for the brick shaped object shown in (a).
observations performed on isotropic materials, the correct isotropic conductivity can be determined directly for any electrode configuration by measuring a cell constant relative to a known conductivity standard that has the same shape, using the same electrode configuration, then combining this factor with a measured admittance or resistance value to obtain conductivity or resistivity. In the case of anisotropic tissue, the value obtained by this process will provide a value that is dependent on the electrode configuration and additionally, on some function of the anisotropy tensor components of the material. We term the value obtained using this procedure the apparent conductivity or resistivity.
Conductivity observations on thin structures were proposed, using two four-electrode arrangements, shown in Figs. 3b and 3c. The three-dimensional arrangement of the electrode geometry is shown in Fig. 3a . These geometries were chosen because observations are unlikely to be affected by surface layer effects, 16 and are likely sensitive to tissue anisotropy. Diagonal observations involve current flowing obliquely from top to bottom of the sample, via electrodes A and D, and the voltage difference is measured between electrodes B and C. In orthogonal observations, current is passed directly through the sample in the radial direction (A to C) and voltage differences measured between B and D. The apparent conductivities observed in each configuration depend upon the electrode separation along the x axis (a), the sample thickness (h) (actually the ratio of sample thickness to electrode separation h/a) and the ratio of tangential to radial conductivity (r t /r r ). The observed conductivity also depends on electrode size (ed) and tissue size (d) which is most conveniently resolved by reference to a finite element model of the sample. 16 In homogeneous anisotropic tissue, orthogonal observations characteristically show a monotonic decrease in apparent conductivity as anisotropy ratio increases, as shown in Fig. 4a using the expressions derived in Appendix B. As tissue thickness (and the ratio h/a) decreases, voltages appearing on sense electrodes become very low. This method is therefore not appropriate for use with very thin (low h/a) samples.
In the case of diagonal observations (again, depending on the ratio h/a), the voltage difference between the two sense electrodes will decrease to a minimum at a particular anisotropy ratio, as shown in At an anisotropy ratio of about 2 with this h/a ratio, the isosurface passes through both voltage electrodes. Because there is no voltage difference between them, this corresponds to a zero resistivity or infinite conductivity observation. As the anisotropy ratio increases, the isosurface tilts to become almost horizontal and the polarity of the voltage electrodes is reversed. As h/a decreases and current flow becomes approximately two-dimensional, the observed conductivity begins to depend more on tangential conductivity. This geometry, in conjunction with a finite element model of the tissue, may be useful in determining anisotropy in thin (low h/a) samples. It is probably not practical to use the diagonal geometry to adjust electrode separation a until a voltage minimum is reached and thereby determine the anisotropy, although it may be possible using a fixed array of electrodes.
It is apparent that if there is any deviation from isotropy, the apparent conductivity or resistivity observed using this technique will depend on the relative positions of current and voltage electrode pairs. 
Sample Preparation
A calvarium from a male subject was obtained with the permission of the Anatomical Laboratory of the University of Florida Medical School and the Anatomical Board of the State of Florida. An approximately 2.2 cm diameter disk was removed from the skull cap using a hole saw, at a location corresponding to the P3 site in the 10-20 EEG labeling system. The extracted sample did not include sutures or obvious irregularities. After extraction, the sample was placed into a jar containing a 0.9% NaCl solution, measured to have a conductivity of 1.42 S/m at 20°C. The sample was covered and refrigerated for some time (about 1 week) in order to allow formalin fixatives to be leached out, and to prevent decomposition. The sample thickness was measured to be 7.3 ± 0.3 mm.
Measurement Apparatus
Impedance measurements were gathered using a Hewlett-Packard 4192A Impedance Analyzer (Agilent, Santa Clara, CA, USA), coupled via the HPIB interface to a LabView (National Instruments, Austin, TX, USA) program designed to collect a set of 24 data points within a spectrum ranging from 500 Hz to 100 kHz. A total of ten data sets were collected and averaged for each measurement. All impedance measurements were taken with samples at an ambient room temperature of 27°C.
Orthogonal Conductivity Measurements
To obtain orthogonal conductivity measurements the sample was placed in a height-adjustable fourelectrode cell, shown in Fig. 6a . The cell consisted of a cylindrical well measuring one inch in diameter, with two cylindrical stainless steel electrodes; of 3 mm diameter and protruding 1.5 mm from the bottom surface of the cell, separated by 6.4 mm. The hammershaped arm depicted at the top of Fig. 6a containing the other electrode pair was lowered to contact the upper surface of the sample. Once positioned on the sample, all four electrodes were positioned opposite to each other, and were separated only in the z-direction. Cell constants were obtained for different upper and lower section separations, using a finely meshed finite element model of the apparatus.
Radial Conductivity Estimation
To estimate radial skull conductivity we used a saline filled cell, shown in Fig. 6b . This cell was similar to that described in Oostendorp. 22 The cell had an internal diameter of approximately 10 mm, and a length of 85 mm. The two saline filled halves of the cell were connected by screws passing through the two flanges, and sealed by O-rings. Current was passed between electrodes sealing the distal ends of each tube, and voltage was measured at two electrodes pushed through the walls of the tube, one positioned about 10 mm from the flange on each side. Radial resistivity was estimated by measuring the resistance of the cell before and after inclusion of the bone sample, then multiplying it by the cell constant (the cross sectional area of the cell divided by sample thickness). Conductivity values were then obtained by complex inversion.
Cell Calibration and Error Analysis
To calibrate conductivity cells we applied the 1-m lead compensation and the Open/Short zeroing native to the HP4192A impedance analyzer, in addition to an Open/Short/Load calibration scheme. 1 The open circuit configuration of the calibration scheme consisted of separately shorting the high voltage and current electrodes and the low current and voltage electrodes. ÔShortÕ values were taken with all four electrodes connected, and a conductivity standard solution was used as the standard load. The final impedance values were calculated as follows
where Z CB (Corrected Bone) and Z MB (Measured bone) are the calibrated and raw sample measurements, respectively, Z MS (Measured Standard) and Z NS are the measured and nominal values of a standard conductivity solution, respectively, Z open is the open circuit lead impedance, and Z short is the short circuit lead impedance. The calibration was obtained and applied to every data point across the frequency spectrum measured.
To translate resistance results obtained from the HP4192A into resistivity or conductivity in the fourelectrode cell, appropriate (isotropic) cell factors had to be determined. Cell factors can be obtained through the measurement of standard conductivity solutions; however, this measurement requires that the electrodes be submerged in the solution, rather than making contact with the sample only at the flat surface. Therefore, isotropic cell factors were calculated using a series of finite element models representing the cell geometry with an included bone sample, developed using COMSOL 3.2 (Comsol, Burlington MA, USA). The models covered a range of slice thicknesses and diameters to match different sample sizes as well as the case when the electrodes were submerged in fluid conductivity standard. The reason for using this procedure was to simplify the procedure of obtaining cell constants of slightly different thickness samples since it was easier to construct a range of finite element models, each with a different thickness, than to fabricate different thickness objects and measure cell constants directly. Because the measurements we performed used only the orthogonal observation configuration, the finite element models were constructed as half models, exploiting the plane of symmetry of the configuration. Models typically had around 500,000 degrees of freedom and 400,000 linear tetrahedral elements. Model validation was performed by comparing cell constants obtained for different height full cell finite element models with those obtained through measurements using a conductivity standard and the cell filled to the same height. The procedure used to estimate cell constants using the finite element model with isotropic conductivity r was to apply a constant voltage boundary condition (V = 1 at the source electrode, and V = 0 on the plane of symmetry). Current flow I through the active electrode was estimated by integrating normal current over electrode area. Voltage between sense electrodes, DV, was obtained by doubling the average voltage over the electrode face. Cell constants, measured in m -1 , were obtained using the expression
The extent of error in finite element estimations of cell constants was gauged by comparing cell constants for models with those measured in the cell. The maximum difference between cell constants determined using the two procedures was found to be around 5%.
The cell constants used to obtain the conductivity values for bone slices were obtained by comparing ratios of cell constants (K) for the FEM model containing a slice of a given thickness and for a cell full of fluid, such that
Errors in model comparison were estimated and included in total conductivity error estimates, described below. Total conductivity errors were calculated by taking into account, in different cases, the contributions from errors such as in conductivity standard values, modeling errors, resistance measurement errors and thickness measurement errors, similar to the method used by Akhtari et al. 2 Total errors in conductivities measured relative to a standard shape or solution (orthogonal measurements) were calculated using the formula
where K is the cell constant, dr std is related to errors in conductivity standard value, dr sig represents uncertainty in measured impedances and dr model represents errors between the sample geometry and that assumed by a model. In the case of radial measurements the cell constant was the result of two different measurements (for cell area A and sample thickness t), rather than from a measurement referred to a conductivity standard or model, in which case the error was estimated as
RESULTS
Comparisons of Layered, Isotropic and Homogeneous Anisotropic Skull Models
In nonuniform fields such as those formed by the diagonal and orthogonal current configurations, observed conductivities depend not only on the total layer thicknesses, but also on their arrangement. We computed apparent resistivities for two-dimensional models as the number of isotropic layers increased from 2 to 10, with h/a fixed at 1. Layered models were constructed by dividing the model into n layers, each with thickness h/n. Alternate layers had conductivities r 1 or r 2 , with r 1 £ r 2 . In the case of odd-layered models, (n + 1)/2 layers were chosen to have conductivity r 1 and the remainder r 2 , with lower conductivity layers next to electrodes. Two three-layered models were investigated, one with equal thickness layers and another with the inner, higher conductivity, layer having twice the thickness of each outer layer (a t = 1). Twodimensional results for diagonal calculations are shown in Fig. 7 and for orthogonal calculations in Fig. 8 . Curves in Figs.7b and 8b correspond to apparent resistivities relative to radial resistivity, i.e., values have been divided by resistivities observed using a homogeneous radial field. The x-scale for layered isotropic models has also been scaled to be in terms of model anisotropy, that is, values for layered models are plotted as r t /r r against normalized resistivity. Comparisons of apparent resistivities rather than apparent conductivities are shown here in order to better display data near diagonal conductivity minima. Results for layered isotropic models converge to homogeneous anisotropic models as the number of layers increases, and after appropriate scaling.
In all cases, the diagonal calculation showed a characteristic decrease in apparent resistivity as the conductivity contrast r 2 /r 1 for isotropic layered models, or tangential conductivity (for anisotropic models) increased. The position of the resistivity minimum varied with the number of layers, but the position of the minimum for layered models occurred at a larger contrast value than k value for anisotropic models. In the case of orthogonal calculations, two layered isotropic models showed no relative change in resistivity as contrast ratio increases, but when an odd number of layers was used, orthogonal calculations showed a characteristic decrease in resistivity with increasing layer contrast. Where four or more layers were used, the increase in relative resistivity with increasing layer contrast began to appear. Orthogonal calculations for three-layer isotropic models are not comparable with anisotropic conductivities, with apparent resistivities decreasing with increasing contrast in layered isotropic models, and increasing in homogeneous anisotropic models. Thus, observations of orthogonal conductivities that are larger than the corresponding radial observations may indicate a three-layered structure. Diagonal and Orthogonal conductivities for the two three-layered models also showed a significant dependence on layer thickness, with higher relative orthogonal conductivities being predicted for an equal thickness three-layered model than for one with a t = 1.
We also simulated the dependence on skull composition of measuring resistivity when applying current via a pair of electrodes located on one surface of the tissue and measuring voltage on the other surface (referring to Fig. 3a , current is passed between electrodes A and B and voltage difference is taken between electrodes C and D). Results for this ÔparallelÕ configuration are shown in Fig. 9 . This configuration is important because it is analogous to the configuration of internal sources with respect to scalp measurements, and shows again that the field patterns formed in three-layered models are significantly different to those formed in homogeneous anisotropic or more finely layered structures.
A short explorative test of the effect of introducing anisotropy in a three-layered model was performed. Conductivities and layer thicknesses of a three-layered three-dimensional isotropic model were set to the average values found by Akhtari, 2 and the anisotropy ratio of each tissue was increased. Using an orthogonal observation configuration, it was found when less than 25% anisotropy (k = 1.25) was added to each layer, the apparent orthogonal conductivity was greater than radial, as expected for a three-layer model. At larger anisotropies, orthogonal conductivities were less than radial values.
The graphs of Figs. 7 and 8 were all obtained for the case where h/a = 1. Changing this ratio changes the horizontal scaling of the isotropic layer model plots, but does not change the overall dependence of resistivity or conductivity on layer contrast or k.
The dependences found in two-dimensional models follow over to three-dimensional models. A comparison of apparent resistivities for diagonal and orthogonal calculations for anisotropic and three layered (a t = 1) three-dimensional models is shown in Fig. 10 . The dependences are broadly similar, but with scaling changes. For example, where minima in two-dimensional diagonal anisotropic calculations are located around k = 3, in three-dimensional models these minima are located around k ¼ 3= ffiffi ffi 2 p % 2:2.
Human Skull Conductivity Measurements
Using the cells shown in Fig. 6 , we measured a conductivity of 7.97 ± 0.6 mS/m using the orthogonal Orthogonal FIGURE 8. Comparison of (two-dimensional) calculations using orthogonal configuration with h/a = 1, for homogeneous anisotropic and layered models. Raw resistances are shown in (a), with the abscissa either k for anisotropic models, or the layer contrast r 2 /r 1 for layered models. Resistances are normalized with respect to the model radial resistivity in graph (b) and the abscissa for isotropic layered models is rescaled to be k. Layer thicknesses are equal to h/n in each case except where indicated by an asterisk (*) where the central layer has twice the thicknesses of the outer two layers. Comparison of (two-dimensional) calculations using the parallel observation configuration with h/a = 1, for homogeneous anisotropic and layered models. Raw resistances are shown in graph (a), with the abscissa either k for anisotropic models, or the layer contrast r 2 /r 1 for layered models. Resistances are normalized with respect to the model radial resistivity in graph (b) and the abscissa for isotropic layered models is rescaled to be k. Layer thicknesses are equal to h/n in each case except where indicated by an asterisk (*) where the central layer has twice the thicknesses of the outer two layers. Comparison of (two-dimensional) calculations using diagonal configuration with h/a = 1, for homogeneous anisotropic and layered models. Raw resistances are shown in (a), with the abscissa either k for anisotropic models, or the layer contrast r 2 /r 1 for layered models. Resistances are normalized with respect to the model radial resistivity in graph (b) and the abscissa for isotropic layered models is rescaled to be k. Layer thicknesses are equal to h/n in each case except where indicated by an asterisk (*) where the central layer has twice the thicknesses of the outer two layers.
configuration and 6.52 ± 0.8 mS/m for radial conductivity, at a frequency of 1 kHz. Because the orthogonal conductivity is higher than the radial, this indicates the tissue is not homogeneous and anisotropic. Assuming a three-layered, three-dimensional structure, the ratio of these conductivities indicates that the conductivity contrast r 2 /r 1 was around 1.4.
DISCUSSION
The model results show that as the number of layers increases, the electrical behavior of a layered sample approaches that of a homogeneous anisotropic sample. However, this convergence was slower for samples with odd numbers of layers, and the comparison between three-layered models and a homogeneous anisotropic model was particularly poor. Behavior for three-layered models depended on the relative thickness of the inner higher conductivity layer. Furthermore, it is clear that a contrast of 10 in layer conductivities does not correspond to a homogeneous anisotropy ratio of 10:1 and that the effective anisotropy of a layered sample is related to both the layer contrast and the measurement geometry. The measurement on preserved skull tissue likely demonstrates that the tissue used was not homogeneous and anisotropic, and is consistent with the tissue having a threelayer structure. We consider the example illustrative only, and further studies with a wide range of samples are necessary to fully validate this observation. However, we believe that we have provided a useful framework from which to further investigate skull properties. When each layer in a three layer tissue model was assigned anisotropy, the characteristic three-layered dependence of orthogonal measurements was maintained until an anisotropy ratio of 1.25 was reached, which indicates that the three-layered structure is the dominant factor in determining the model behavior.
Analysis of Earlier Results
Interestingly, these modeling results may also explain the larger than expected conductivities reported by Hoekema et al., 14 where conductivity was measured using multiple electrodes on the top and bottom surface of a skull piece removed temporarily during epilepsy surgery. Their method used worked well with an isotropic agar phantom, but was not constant with the skull piece, probably because conductivities were calculated assuming the skull was homogeneous and isotropic. As Figs. 7 and 8 show, in the case of a threelayered structure with the inner layer having a higher conductivity than the two outer layers, conductivities measured using diagonal, orthogonal or parallel configurations will always tend to be larger than those found for the radial conductivity. Unfortunately, HoekemaÕs paper does not mention the exact measurement configurations used. This information, in conjunction with a layered finite element model of the tissue, may enable estimation of radial and tangential conductivities in their sample.
Implications for Skull Modeling
The diagonal and orthogonal conductivity observation configurations analyzed here may be used to measure conductivity of thin samples, and serve well to illustrate the difference between layered and anisotropic structures, particularly the difference between a three-layered structure (such as much of the calvarium) and a single-layer anisotropic entity. Diagonal, orthogonal, and parallel observations clearly show large differences between field patterns formed in three-layered models and homogeneous anisotropic models. In the absence of any other structural basis for calvarial bone composition, it is plain that the skull should be modeled as isotropic layers.
It has been noted that cortical bone and boundaries between cortical and cancellous bone are often not clear on MRI scans, which are commonly used to construct realistic head models. In some cases, 32 the strategy used has been to locate the cancellous bone boundary and estimate the skull inner and outer (cortical) surfaces as being a fixed distance from this orthogonal resistivities calculated on a homogeneous anisotropic (+) and a three-layered isotropic model with a t = 1 (solid), for h/a = 1. Axis scaling was performed as in Fig. 9(b) .
boundary, then assuming homogeneous anisotropic properties for this tissue. Comparing the results of conductivity calculations using three-layer isotropic and homogeneous anisotropic skull models, a better strategy would be to detect the cancellous bone, to estimate thickness of the inner and outer cortical layers about it and then assign values appropriate for cancellous or cortical bone to each layer.
As well as a three-layer model being more appropriate and accurate, there are other advantages to making skull components isotropic. If finite element modeling is used and the skull region is modeled as anisotropic, calculation of the stiffness matrix will take longer and the completed matrix will be less sparse, which may result in longer solution times (although this is not always the case 32 ). Finite element models of the head must be very finely meshed in the skull region because of the relatively large voltage changes occurring over this structure (because of its low conductivity). A fine finite element mesh would still need to be used if the skull is segmented into layers. Therefore, replacement of an anisotropic finite element model of the skull with a similarly finely meshed layered isotropic finite element model may not lead to a great gain in efficiency, except possibly in stiffness matrix setup time. However, elimination of anisotropy by incorporating extra layers would allow use of the boundary element method or another meshless method to model the skull, which may be more efficient overall.
CONCLUSION
Several conductivity observation geometries were analyzed and compared with respect to variations in the tissue model assumed. It was found that threelayered isotropic models (similar to that expected from skull composition) and homogeneous anisotropic models produce significantly different conductivity calculations using these different geometries. We infer from these theoretical observations that forward models of the head that assume the skull as a homogeneous anisotropic compartment are not appropriate, and that the skull may be better modeled as a layered isotropic structure. Measurements of skull conductivity on a single sample produced results consistent with the skull being a layered isotropic structure rather than homogeneous and anisotropic. However, more extensive measurements of skull conductivities in different configurations are necessary before generally adopting this approach in forward modeling.
APPENDIX A
Assume a brick-shaped structure such as that shown in Fig. A , consisting of two layers with respective conductivities r 1 and r 2 (or an arbitrary number of layers each one having conductivity either r 1 or r 2 , for example the three layer structure shown in Fig. 2a) . The resistances observed in response to homogeneous electric fields applied in the radial and tangential directions, respectively, are
and ðA:1Þ
We also have that
where T = t 1 + t 2 , since r t ¼ 
ðA:4Þ
where we have substituted a t ¼
. Taking the derivative of (A.4) with respect to a t , we find a maximum at a t = 1, or that the maximum value of k is at r t T t 2 t 1 l w FIGURE A. Brick-shaped structure with width w, length l and total thickness T, composed of two layers having conductivity r 1 and thickness t 1 , and conductivity r 2 and thickness t 2 , respectively. Homogeneous fields are applied through the faces with dimension l x w to obtain radial resistances and through faces having dimension w x T to obtain tangential resistances.
ðA:5Þ
APPENDIX B
Analytic expressions describing the dependence of diagonal and orthogonal resistivity or conductivity calculations on anisotropy, electrode separation and sample thickness can be derived using Livshitz et al.
18 in conjunction with variable spatial scaling to account for anisotropy, similar to that described in Rush. 28 The geometry used by Livshitz is shown in Fig. B .
The voltage within the a single semi-infinite slab (region 2) is described by
where J 0 is the zeroth order Bessel function, and b = I/4p r 1 . The parameters z¢ and r are the z coordinates of the source, and the xy distance between source and observation point respectively. The functions T 1 and T 2 are transmission functions across the upper and lower boundaries, and are defined as
and
ðB:3Þ
The parameters K i are defined as
and K 0 ¼ 0 ðB:4Þ Therefore, choosing z 1 = 0 and z 2 = h obtains For the case of diagonal observations, voltage is measured at B, positioned at ðx; y; zÞ ¼ ða; 0; 0Þ ¼ ðr; 0Þ. This voltage is the sum of contributions from current sources positioned at A = (x¢,y¢,z¢) = (0,0,0) and D = (x¢,y¢,z¢) = (a,0,h), respectively. In the case of a source at A V BA ¼ I 2p r r r t ð Þ By symmetry, the difference between voltages at electrodes at B and C = (x,y,z) = (0,0,h) will be twice this quantity. For the case of orthogonal observations, V BA will be the same as for the diagonal case, but the voltage contribution from the source at C will be 
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